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Background: The malignant progression of lung adenocarcinoma (LUAD) is not only a hallmark of this prevalent cancer but
is also closely linked to epigenetic regulation, particularly N6-methyladenosine (m6A) methylation. Disruption of the m6A reg-
ulatory machinery results in the uncontrolled upregulation of multiple oncogenic drivers, thereby fueling tumor development.
Our study investigated the mechanism by which G Protein Subunit Gamma 4 (GNG4), a gene upregulated via m6Amodification,
promoted LUAD by enhancing its mRNA stability and subsequently inhibiting the cGAS-STING pathway. This provides novel
mechanistic insight for clinical LUAD research.
Methods: Based on transcriptomic and m6A sequencing data from The Cancer Genome Atlas Program (TCGA) database,
the candidate gene GNG4, associated with m6A regulation, was identified. Correlations of GNG4 expression with two m6A
regulators—the writer Vir Like M6A Methyltransferase Associated (VIRMA) and reader Insulin Like Growth Factor 2 MRNA
Binding Protein 3 (IGF2BP3)—were statistically evaluated. Prediction of the biological functions pertaining to GNG4 was
performed using Single-gene Gene Set Enrichment Analysis (Single-gene GSEA). Cellular experiments, including gene knock-
down/overexpression, Western blot, flow cytometry, m6A-related assays, and cellular senescence detection, as well as animal
models were employed to investigate the regulatory effects of m6A-modified GNG4 on the cGAS–STING pathway and its impact
on cell cycle progression and cellular senescence.
Results: TCGA data combined with functional experiments demonstrated that GNG4 was highly expressed in LUAD (p< 0.05).
Knockdown of GNG4 activated the cGAS-STINGpathway, upregulated p21, inducedG1/S cell cycle arrest (p< 0.05) and cellular
senescence (p < 0.05), thereby inhibiting LUAD cell proliferation (p < 0.05) and tumor growth (p < 0.05). Mechanistically,
increased GNG4 mRNA expression was associated with elevated m6A modification in LUAD. GNG4 expression was positively
correlatedwith them6Awriter VIRMAand them6A reader IGF2BP3. Knockdown of VIRMAor IGF2BP3 significantly reduced
both m6Amodification and mRNA expression of GNG4 (p< 0.05), thereby alleviating its suppressive effect on the cGAS-STING
pathway, promoting cellular senescence (p < 0.05), and inhibiting proliferation in LUAD cells (p < 0.05).
Conclusion: The upregulation of m6A modification of GNG4 in LUAD enhances its mRNA stability, which in turn suppresses
the cGAS–STING signaling pathway, ultimately inhibiting cellular senescence and promoting LUAD cell proliferation, thereby
driving disease progression.
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Introduction

Among all lung cancer diagnoses, approximately 40%
are classified as lung adenocarcinoma (LUAD), making
it the predominant form of non-small cell lung cancer
(NSCLC). This malignancy originates from glandular cells
or secretory epithelial cells of the bronchial mucosa and pre-
dominantly occurs in the peripheral regions of the lungs
[1,2]. While targeted therapy and immunotherapy have
led to notable improvements in the diagnosis and manage-
ment of LUAD [3,4], patient outcomes are still subopti-
mal. The overall survival rate continues to be unsatisfac-

tory, with particularly grim prognoses for advanced-stage
disease [5,6]. Therefore, a more profound understanding
of the molecular mechanisms behind LUAD initiation and
progression is urgently needed. Concurrently, discovery of
novel therapeutic targets remains vital for translating this
knowledge into improved clinical outcomes.

The epitranscriptomic modification known as m6A
methylation is a critical form of gene regulation that oc-
curs when a methyl group is chemically attached to the
sixth nitrogen atom (N6) of adenosine residues in mRNA.
This mechanism regulates gene expression by modulating
multiple aspects of mRNA, including its half-life, process-
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ing, subcellular distribution, and the rate at which it is de-
coded into protein [7]. Emerging evidence underscores
the central involvement of m6A modification in LUAD,
influencing disease initiation, progression, metastatic po-
tential and eventual treatment resistance. Dysregulation of
m6A regulatory enzymes—writers, erasers, and readers—
significantly contributes tomalignant progression and holds
important clinical prognostic value [8]. Accumulating ev-
idence further points to the dual potential of m6A methy-
lation, along with its interacting lncRNAs, to act as novel
biomarkers for both the diagnosis and prognostic assess-
ment of LUAD [9]. Moreover, a higher m6A score in
LUAD is closely associated with enhanced tumor invasive-
ness and the immune infiltration status of the tumor mi-
croenvironment [10]. The m6A reader Insulin Like Growth
Factor 2 MRNA Binding Protein 3 (IGF2BP3) has been
proposed as an independent factor for predicting LUAD
prognosis. Its expression shows significant associations
with key tumor microenvironment features, including the
extent of immune cell infiltration, the levels of immune
checkpoint proteins, and the overall tumor mutation bur-
den [11]. Thus, a deeper understanding of the specific reg-
ulatory mechanisms by which m6A modification operates
in LUAD would advance our knowledge of tumor progres-
sion and potentially inform novel immunotherapeutic and
targeted treatment strategies.

Functioning within heterotrimeric G proteins, G Pro-
tein Subunit Gamma 4 (GNG4) participates broadly in sig-
nal transduction. It plays a key role in regulating cellular
processes such as proliferation, differentiation, and migra-
tion [12,13]. A consistent finding is the heightened expres-
sion of GNG4 across diverse malignancies, where its pres-
ence is linked to increased malignancy and an unfavorable
prognosis [14,15]. Supporting this, emerging research con-
firms that GNG4 is similarly upregulated in LUAD, a fac-
tor strongly linked to adverse clinical outcomes in patients;
however, the precise mechanisms through which GNG4
promotes LUAD malignancy remain unclear [16]. A re-
cent study on glioma demonstrated that GNB4 negatively
regulates the cGAS-STING pathway [17]. Mechanistically,
GNB4, as a Gβ subunit, must form a stable Gβγ dimer
with a Gγ subunit (such as GNG4) to exert its signal trans-
duction function [18,19]. This structural characteristic indi-
cates that GNB4’s inhibition of the cGAS-STING pathway
likely requires Gβγ dimer assembly. Similarly, GNG4 has
been implicated in the decline of cognitive functions asso-
ciated with aging [20], further implying its potential role in
cellular senescence and providing a theoretical basis for this
study’s focus on the mechanism by which GNG4 regulates
senescence.

As a core antitumor mechanism, cellular senescence
establishes a durable state of cell cycle arrest, a process in
which the cGAS-STING pathway plays an indispensable
regulatory role [21]. When cells enter senescence due to
telomere shortening, oncogene activation, or DNA damage

[22], chromatin fragments leak into the cytoplasm and are
recognized by cGAS, leading to its activation. As a cytoso-
lic DNA sensor, cGAS initiates downstream cascades and
promotes the release of the senescence-associated secretory
phenotype [23]. Evidence indicates that the cGAS-STING
pathway exerts a dual antitumor effect. On one hand, its
activation can induce tumor cell senescence; on the other,
it reinforces immune surveillance against these senescent
cells, collectively leading to effective tumor suppression.

This study systematically investigated the upregula-
tion of m6A-modified GNG4 and its role in enhancing
mRNA stability in LUAD. Furthermore, the study clarified
the critical role of the cGAS-STING pathway in GNG4’s
dual function of suppressing senescence and promoting pro-
liferation. On this basis, the research was designed to
identify novel therapeutic targets and elucidate underlying
mechanisms, with the aim of informing improved clinical
strategies for LUAD.

Materials and Methods

Antibodies and Reagents
The following antibodies and reagents were used: Hi-

FiScript All-in-one RT Master Mix for qPCR (CW3371M,
CWBIO), SA-β-Gal Staining Kit (C0602, Beyotime), Hu-
man IL-8 enzyme-linked immunosorbent assay (ELISA)
Kit (E-EL-H6008, Elabscience), Human IL-6 ELISA
Kit (E-EL-H6156, Elabscience), Mouse IL-6 ELISA Kit
(CSB-E04639m, CUSABIO), Human Serpin E1/PAI-1
ELISA Kit (E-EL-H2104, Elabscience), cell counting kit-8
(CCK-8) Assay Kit (C0037, Beyotime), Mouse Serpin
E1/PAI-1 ELISA Kit (E-EL-M3041, Elabscience), Bey-
oClick™ EdU Cell Proliferation Kit with AF488 (C0071S,
Beyotime), Crystal Violet Staining Solution (C0121-
100ml, Beyotime), Anti-cGAS antibody (ab252416,
abcam; 0.529 mg/mL, 1:500), Anti-STING antibody
(ab288157, abcam; 0.56 mg/mL, 1:500), Anti-Phospho-
STING (Ser366) antibody (PA5-105674, Thermo Fisher;
1 mg/mL, 1:500), Anti-NAK/TBK1 antibody (ab40676,
abcam; 1.307 mg/mL, 1:500), Anti-NAK/TBK1 (phospho
S172) antibody (ab109272, abcam; 0.633 mg/mL, 1:500),
Anti-IRF3 antibody (ab68481, abcam; 0.985 mg/mL,
1:500), Anti-IRF3 (phospho S386) antibody (ab76493, ab-
cam; 0.598 mg/mL, 1:500), Anti-p21 antibody (ab109520,
abcam; 0.857 mg/mL, 1:500), DAPI Staining Solution
(C1006-10ml, Beyotime), Anti-N6-methyladenosine
(m6A) antibody (ab284130, abcam; 0.607 mg/mL, 1:500),
5×Loading Buffer (PP117-01, Beyotime), Goat Anti-
Rabbit IgG H&L (HRP) (ab7090, abcam; 1 mg/mL,
1:2000), Goat Anti-Mouse IgG H&L (HRP) (ab205719,
abcam; 2 mg/mL, 1:2000), Actinomycin D (HY-17559,
MCE), BeyoRIP™ RIP Assay Kit (Protein A/G Agarose)
(P1801S, Beyotime), Dual Luciferase Reporter Gene
Assay Kit (RG027, Beyotime), RNA-Protein Pull Down
Kit (NO.B605110, Sangon Biotech), Anti-IMP3 antibody
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(ab179807, abcam; 0.11 mg/mL, 1:500), Anti-Ki67 an-
tibody (ab15580, abcam; 1 mg/mL, 1:200), Anti-PCNA
antibody (ab29, abcam; 1 mg/mL, 1:200), Anti-Phospho-
Histone H3 (Ser10) antibody (66863-1-Ig, proteintech;
1.5 mg/mL, 1:600), Anti-GAPDH antibody (ab181602,
abcam; 1.02 mg/mL, 1:1000), Mouse CEA ELISA Kit
(CSB-E13925m, CUSABIO), Mouse TK1 ELISA Kit (LS-
F19262, Lifespan), Human AFP ELISA Kit (E-EL-M2405,
Elabscience), A549 cell complete medium (YM-P-031,
UBIGENE), HCC827 cell complete medium (CM-0094,
Procell), PMSF (ST507-10ml, Beyotime), phosphatase
inhibitor (P1081, Beyotime), RIPA buffer (P0013B, Bey-
otime), 4% paraformaldehyde (P0099-100ml, Beyotime),
0.1% Triton X-100 (P0096-100ml, Beyotime) , DAPI
(C1006-10ml, Beyotime), RNA extraction kit (Vazyme,
R711-01), Genious 2×SYBR Green Fast qPCR Mix
(Abclonal, RK21207), RU.521 (HY-114180, MCE; 10
µM), and BX795 (HY-10514, MCE; 6 µM).

Cell Culture
In this study, the LUAD cell lines A549 (cat. no.

YC-C016, UBIGENE), HCC827 (cat. no. CL-0094,
Procell) and the human bronchial epithelial cell line
BEAS-2B (CRL-3588, ATCC) were utilized. Cells were
authenticated by short tandem repeat (STR) profiling
and tested negative for mycoplasma contamination.
A549 was cultured in A549 cell complete medium
(90%F12K+10%FBS+1%P/S) (YM-P-031, UBIGENE).
HCC827 was cultured in HCC827 cell complete medium
(RPMI-1640 [PM150110]+10%FBS [164210]+1%P/S
[PB180120]) (CM-0094, Procell). BEAS-2B was cultured
in RPMI-1640 medium containing 10%FBS, 1%P/S, and
1%sodium pyruvate (C0331, Beyotime). A standard cell
culture environment was maintained for both lines, with
conditions set at 37 °C and a humidified atmosphere
containing 5% carbon dioxide.

Cell Transfection
The Control siRNA, GNG4 siRNA, VIRMA siRNA,

IGF2BP3 siRNA sequences are listed below:
Control siRNA: guide 5′-

CCUACGCCACCAAUUUCGU-3′;
passenger 5′-ACGAAAUUGGUGGCGUAGG-3′.
GNG4 siRNA: guide 5′-

UACAAAAGAACUUCUUCUCGC-3′;
passenger 5′- GCGAGAAGAAGUUCUUUUGUA-

3′.
VIRMA siRNA: guide 5′-

AGUAUCUAAAAAUAACAGCUC-3′;
passenger 5′-GAGCUGUUAUUUUUAGAUACU -

3′.
IGF2BP3 siRNA: guide 5′-

AAAAACUACUUUUUGUCUCUU-3′;
passenger 5′-AAGAGACAAAAAGUAGUUUUU-

3′.

GNG4 overexpression plasmid (pcDNA3.1-
GGamma4-GFP2, #166776) and negative control plasmid
(Laconic/pcDNA3.1, #44238) was obtained fromAddgene.

Transfection was performed using the SuperKine™
Lipo3.0 Efficient Transfection Reagent (BMU111, Ab-
bkine Scientific Co., Ltd., Wuhan, China). When cells
reached 70–80% confluence, the culture medium was re-
placed with fresh medium prior to transfection. For each
transfection setup, two mixtures were prepared in sterile
RNase-free tubes: (1) siRNA-Opti-MEMmixture, contain-
ing 125 µL Opti-MEM and 5 µL of 20 µM siRNA stock,
and (2) transfection reagent-Opti-MEMmixture, consisting
of 125 µL Opti-MEM and 6 µL transfection reagent. After
gentle mixing, the two solutions were combined, incubated
at room temperature for 10–15 minutes, and then applied to
the cells.

Western Blotting
To prepare whole-cell lysates, collected samples were

treated with ice-cold RIPA lysis buffer (P0013B, Beyotime)
containing protease and phosphatase inhibitors (ST507-
10ml and P1081, Beyotime) for 30 minutes. Upon cen-
trifugation at 12,000 ×g (15 min, 4 °C), the supernatant
was harvested, mixed with 5× SDS sample buffer (PP117-
01, Beyotime), and heated at 100 °C for 15 minutes. Pro-
teins were electrophoretically size-fractionated on SDS-
polyacrylamide gels and then transferred to Polyvinylidene
Fluoride (PVDF) membranes. For immunoblotting, mem-
branes were first blocked with 5% non-fat dry milk in Tris-
Buffered Saline with Tween-20 (TBST) for 2 hours at room
temperature, followed by an overnight incubation with ap-
propriate primary antibodies at 4 °C. After washing with
TBST, blots were incubated with horseradish peroxidase-
conjugated secondary antibodies for 2 hours at room tem-
perature, and immunoreactive proteins were visualizedwith
an Enhanced Chemiluminescence detection system (Bio-
Rad, USA). Quantitative analysis of band intensity was per-
formed using ImageJ (https://ij.imjoy.io/).

Cell Counting Kit-8 (CCK-8) Assay
Cells were plated in 96-well plates at a density of 5 ×

103 cells per well and subjected to designated experimen-
tal treatments. Following a 24-hour incubation period, 10
µL of CCK-8 reagent (C0037, Beyotime) was introduced to
each well, and the plates were then returned to the incuba-
tor for an additional 2 hours at 37 °C under light-protected
conditions. Subsequently, the optical density at 450 nmwas
determined using a microplate reader to assess relative cel-
lular viability.

Real-time Quantitative PCR Analysis
We first used an RNA extraction kit (Vazyme, R711-

01) for total RNA isolation, followed by reverse transcrip-
tion with HiFiScript All-in-one RT Master Mix for qPCR
(CWBIO, CW3371M). Gene expression levels were quan-
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Table 1. Primer sequences used in qRT-PCR analysis.
Gene Forward sequence Reverse sequence

GNG4 (human) 5′-GAGGGCATGTCTAATAACAGCAC-3′ 5′-AGACCTTGACCCTGTCCATAC-3′

VIRMA (human) 5′-GAGTAAGAGCCCATAGCAGT-3′ 5′-TAGCACCAGACCATCAGTATTCAC-3′

IGF2BP3 (human) 5′-TTCAAGGACGCCAAGATCCC-3′ 5′-TATCCAGCACCTCCCACTGT-3′

GADPH (human) 5′-CATGAGAAGTATGACAACAGCCT-3′ 5′-AGTCCTTCCACGATACCAAAGT-3′

tified by qRT-PCR. Reactions were carried out employ-
ing the Genious 2× SYBR Green Fast qPCR Mix (Ab-
clonal, RK21207) according to the manufacturer’s instruc-
tions. Fluorescence signals were captured in real-time us-
ing a compatible qPCR detection system, and cycle thresh-
old (Ct) values were subsequently determined for relative
quantification analysis. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH)was used as a normalizer for transcript
levels and amplification of individual product was ensured
by a melting curve. Primer sequences are shown in Table 1.

Cell Cycle Analysis
For cell cycle distribution analysis, A549 and

HCC827 cell lines were cultured in six-well plates to about
80% confluence prior to processing with a commercial Cell
Cycle Detection Kit (DA0030, Solarbio). The procedure
included fixation in 70% ethanol at 4 °C for 12 hours, incu-
bation with RNase A (100 µL) at 37 °C for 30 minutes, and
final staining with PI. Flow cytometric evaluation was then
performed as previously described [24].

SA-β-Gal Staining
SA-β-Gal activity was detected according to the com-

mercial kit’s instructions (C0602, Beyotime). Briefly, ad-
herent cells were fixed using a 4% formaldehyde solution
at room temperature. A freshly prepared staining solution
was then added to fully immerse the fixed cell monolayer.
For optimal enzyme activity, the staining reaction was car-
ried out in a dry incubator at 37 °C in the absence of CO2.
Following the incubation period, cells were gently rinsed
with Phosphate Buffered Saline (PBS) and visualized under
a light microscope, as described in the cited methodology
[25].

Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA is an immunoassay technique based on the

principle of specific antigen-antibody binding. First, a solid
surface was coated with a known antibody, followed by
the addition of the test sample; if the corresponding anti-
body was present in the sample, it will bind specifically and
become immobilized. An enzyme-linked antibody (AFP,
CEA, IL-6, IL-8, PAI-1, TK1) was then added to form an
immunocomplex, and finally, an enzyme substrate was in-
troduced for a colorimetric reaction. The target analyte was
qualitatively or quantitatively analyzed by measuring the
absorbance.

EdU Labeling Assay
Cells were seeded in a 6-well plate and, after overnight

recovery, treated accordingly. An equal volume of pre-
warmed 2X 5-Ethynyl-2’-deoxyuridine (EdU) solution (20
µM) was added to achieve a final 1X EdU concentration,
and the mixture was incubated for 2 hours at 37 °C. The
mediumwas removed and cells were fixed with 4% PFA for
15 min at RT, followed by three washes with buffer. Cells
were permeabilized with 0.3% Triton X-100 in PBS for 10–
15 min and washed 1–2 times. Then, 0.5 mL Click reaction
mixture was added per well, gently shaken, and incubated
for 30 min at RT in the dark. After removing the reaction
mixture, cells were washed three times and observed under
a microscope (ECLIPSE Ts2, Nikon Corporation Health-
care Business Unit). EdU images were analyzed using Im-
age J1 (USA).

Colony Formation Assay
To assess clonogenic potential, cells were seeded at

1 × 103 per well in 6-well plates and maintained under
standard conditions for 2 weeks to allow colony formation.
Subsequently, cultures were fixed with 4% paraformalde-
hyde and stained with crystal violet. Colonies (defined as
clusters of >50 cells or with a diameter >50 µm) were
then manually enumerated or analyzed with dedicated soft-
ware, and the clonogenic efficiency was derived from these
counts. The Colony formation images were analyzed using
Image J.

Methylated RNA Immunoprecipitation Combined
With Quantitative Polymerase Chain Reaction
(MeRIP-qPCR)

RNA extraction was performed with Trizol, followed
by RNA immunoprecipitation (RIP) using the BeyoRIP™
Assay Kit (P1801S, Beyotime). Briefly, RNA was frag-
mented to an average size of 100 nucleotides and then sub-
jected to immunoprecipitation by incubating with an anti-
m6A primary antibody (ab284130, abcam) for 2 hours. The
antibody-bound RNA complexes were precipitated with
Protein A/G Agarose beads. After washing, the enriched
GNG4 RNA was reverse-transcribed to generate cDNA,
which was then amplified and quantified via qRT-PCR.

m6A Dot Blot Assay
Briefly, RNA was heat-denatured at 95 °C before be-

ing transferred onto a membrane and UV-crosslinked. The
membrane was then sequentially incubated with an anti-
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m6A primary antibody (4 °C) and a corresponding anti-
rabbit IgG secondary antibody (room temperature), fol-
lowed by substrate exposure for signal generation. Dot blot
results were recorded under a microscope (OI-X6) for sub-
sequent analysis.

Dual-Luciferase Reporter Assay
The procedure involved cloning the GNG4 3’UTR,

in both its wild-type form and with specific m6A site mu-
tations, into the pmiGLO luciferase reporter vector. The
resulting plasmids and the pRL-TK plasmid were then co-
introduced into the target cells. Following a 48-hour incu-
bation, cells were lysed and assayed with a dual-luciferase
detection system. The relative luciferase activity of mu-
tant versus wild-type reporters was calculated from the fire-
fly/Renilla luciferase ratio to assess the regulatory signifi-
cance of the m6A modification sites.

RNA-Pulldown
To capture the IGF2BP3 protein, biotin-labeled RNA

probes corresponding to GNG4 were transcribed in vitro
and immobilized on streptavidin-coated magnetic beads.
The resulting RNA-bead conjugates were incubated with
whole-cell lysates to enable specific RNA-protein interac-
tion. Following stringent washes to eliminate nonspecifi-
cally bound proteins, the retained complexes were eluted
and analyzed by Western blotting. Detection of IGF2BP3
in the eluate confirmed its direct binding to GNG4 mRNA.

Immunohistochemistry
Tissue sections prepared from formalin-fixed,

paraffin-embedded (FFPE) blocks were initially deparaf-
finized and rehydrated, followed by antigen retrieval.
After blocking with serum to reduce background staining,
sections were incubated overnight at 4 °C with primary
antibodies targeting Ki-67, PCNA, and PHH3. Subse-
quently, after washing with PBS, sections were exposed
to HRP-labeled secondary antibodies for 30 minutes at
room temperature. Immunoreactivity was visualized using
3,3’-Diaminobenzidine chromogen, and hematoxylin
was used as a nuclear counterstain. Thereafter, sections
were dehydrated, cleared, mounted with coverslips, and
observed under a light microscope. Protein expression was
semi-quantitatively assessed by combining the proportion
of positively stained cells with the intensity of staining.

Measurement of mRNA Half-Life
To assess the stability and decay kinetics of GNG4

mRNA, we performed a transcriptional inhibition assay fol-
lowed by time-course analysis. Cells were treated with acti-
nomycin D, a potent inhibitor of RNA polymerase, to com-
pletely block de novo RNA synthesis. Following transcrip-
tional arrest, total RNA was harvested at sequential time
points (0, 2, 4, and 6 hours). The abundance of the remain-
ing GNG4 transcripts at each time point was then precisely

quantified using qRT-PCR. By plotting the relative mRNA
levels against time and fitting the data to an exponential
decay model, we calculated the half-life of GNG4 mRNA,
which represents the time required for a 50% reduction in
its steady-state level under these conditions.

Animal Model
To assess the in vivo effect of gene silencing on tu-

mor growth, a xenograft model was established using fe-
male BALB/c nude mice (age: 6 weeks; weight: 18–22 g;
sourced from SiPeiFu Biology Ltd., China). The mice were
randomly allocated into three groups (n = 6 per group): a
non-targeting siRNA control (si-NC), a GNG4-knockdown
group (si-GNG4), and a VIRMA-knockdown group (si-
VIRMA). A549 cells (5 × 106 cells/mouse), in which the
corresponding genes had been knocked down in vitro prior
to inoculation, were subcutaneously injected into the right
axillary fossa of each mouse. Mice were maintained un-
der standard housing conditions (temperature: 22 ± 2 °C;
humidity: 50% ± 10%) with free access to food and wa-
ter throughout the four-week modeling period. Tumor vol-
umes were measured weekly using the formula: (length ×
width2)/2. After four weeks, mice were anesthetized via in-
traperitoneal injection of pentobarbital sodium (50 mg/kg)
and subsequently euthanized by cervical dislocation under
deep anesthesia. Blood samples were collected via retro-
orbital bleeding, and subcutaneous tumors were excised for
further analysis. This study was approved by the Experi-
mental Animal Ethics Committee of Heji Hospital Affili-
ated to Changzhi Medical College (DW2026003).

Bioinformatics Analysis
Gene expression data for LUAD were downloaded

from The Cancer Genome Atlas (TCGA) database (https:
//portal.gdc.cancer.gov/) (Adjacent normal tissue: n = 59,
tumor: n = 530). Differential expression analysis between
normal and tumor groups was performed using the “limma”
package with thresholds set at |logFC| >1 and adj.p.val
< 0.05. This analysis identified 4473 differentially ex-
pressed genes (DEGs), including 2015 upregulated genes.
Similarly, m6A methylation data for LUAD were obtained
from the TCGA database (Adjacent normal tissue: n =
32, tumor: n = 471). Differential methylation analysis
was conducted using the “ChAMP” package with thresh-
olds of |logFC| >0.4 and FDR <0.05, yielding 863 dif-
ferentially methylated genes, of which 661 were hyperme-
thylated. The upregulated and downregulated DEGs were
separately subjected to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and Gene Ontology (GO) term
enrichment analyses using the “clusterProfiler” package.
Gene expression levels were visualized via box plots gen-
erated with “ggplot2”, and the Wilcoxon rank-sum test was
applied to assess the statistical significance of expression
differences. Correlation analysis among genes was per-
formed using the “psych” package. A correlation network
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was constructed and visualized with “ggraph”, displaying
only gene pairs with correlation coefficients >0.4. Corre-
lation heatmaps were generated using “pheatmap”. Finally,
scatter plots illustrating the most significant correlation be-
tween the target gene and m6A readers/writers were created
with “ggplot2”.

Statistical Analysis
Each experiment was repeated three times, and quan-

titative data are presented as the mean± standard deviation
(SD). Statistical analyses were performed using GraphPad
Prism 8.3.0 (USA). For comparisons between two groups,
an unpaired two-tailed Student’s t-test was applied. For
comparisons involving multiple factors, two-way analysis
of variance (ANOVA) was conducted, followed by Tukey’s
multiple comparisons test. A p-value of less than 0.05 was
considered statistically significant.

Results

GNG4 Is Highly Expressed in LUAD and Promotes
LUAD Progression

To elucidate the expression pattern and functional role
of GNG4 in lung adenocarcinoma (LUAD), we initiated
a systematic investigation integrating computational bioin-
formatics and in vitro validation. Publicly available tran-
scriptomic data from TCGA andGene Expression Omnibus
(GEO) demonstrated a marked elevation of GNG4 mRNA
levels in LUAD tissues compared with normal counter-
parts (Fig. 1A,B, p < 0.05). Clinically, elevated GNG4
expression was significantly associated with poor patient
outcomes, including prolonged overall survival (OS, p =
0.015), disease-specific survival (DSS, p = 0.008), and
progression-free interval (PFI, p = 0.006) (Fig. 1C). To cor-
roborate these database findings at the cellular level, we
subsequently quantified GNG4 mRNA expression in the
normal bronchial epithelial cell line BEAS-2B and a panel
of LUAD cell lines (A549, HCC827). We found GNG4
expression was notably elevated in cancer cells (Fig. 1D,
p < 0.001), consistent with the database results. After as-
sessing the efficiency of GNG4 knockdown (Fig. 1E, p <

0.01), we found that compared to control cells, LUAD cells
with GNG4 knockdown exhibited a significant increase in
the expression of key senescence-associated secretory phe-
notype (SASP) components, namely IL-6, IL-8, and PAI-1
(Fig. 1F, p < 0.0001). These findings support the conclu-
sion that GNG4 deficiency induces a senescent state. Fur-
thermore, EdU staining experiments (Fig. 1G, p < 0.05)
and CCK-8 assay (Fig. 1H, p < 0.01) consistently demon-
strated that GNG4 knockdownmarkedly suppressed the cell
growth vitality of LUAD cells. In summary, GNG4was up-
regulated in LUAD and enhanced tumor cell proliferation
by suppressing cellular senescence.

GNG4 Suppresses LUAD Cells Senescence and
Promotes Its Proliferation by Inhibiting the
cGAS-STING Pathway

To elucidate the pathway mediating GNG4’s roles
in suppressing senescence and enhancing proliferation in
LUAD, we examined the cGAS-STING signaling axis. Si-
lencing GNG4 expression in LUAD cells (Fig. 2A, p <

0.0001) led to the pronounced activation of this pathway, re-
flected by elevated levels of cGAS, phosphorylated STING,
TBK1, IRF3, and their total protein counterparts, along-
side upregulation of the senescence marker p21 (Fig. 2B).
To verify whether the functional influence of GNG4 is me-
diated by its repression of the cGAS-STING pathway, we
conducted rescue studies. In cells with GNG4 knockdown,
pharmacological inhibitors targeting cGAS (RU.521) or
TBK1 phosphorylation (BX795) were introduced. Notably,
both inhibitors significantly attenuated the activation of
the cGAS-STING signaling cascade that was triggered by
GNG4 depletion. More importantly, both inhibitors effec-
tively rescued the phenotypic consequences of GNG4 loss,
including G1/S phase cell cycle arrest (Fig. 2C, p < 0.05),
reduced proliferative capacity (Fig. 2E, p < 0.05), and en-
hanced cellular senescence (Fig. 2D, p < 0.0001). Collec-
tively, these results establish that GNG4 inhibits cellular
senescence and stimulates proliferation in LUAD cells, op-
erating through a mechanism that involves the repression of
the cGAS-STING signaling pathway.

Increased m6A Methylation of GNG4 Enhances Its
mRNA Expression in LUAD

To elucidate the regulatory mechanism responsible
for GNG4 upregulation in LUAD, we conducted an anal-
ysis of m6A methylation patterns. Principal component
analysis (PCA) of m6A methylation data from LUAD
samples (Fig. 3A) and a volcano plot of differentially
methylated genes (Fig. 3B) revealed 59 genes including—
GNG4—that exhibited simultaneous significant upregula-
tion in both m6A methylation levels and mRNA expres-
sion (Fig. 3C,D,G). At the functional level, Gene Ontology
(GO) enrichment analysis showed that the co-upregulated
genes were significantly linked to molecular activities in-
cluding DNA-binding transcription activator function, es-
pecially those specific to RNA polymerase II (Fig. 3E).
At the pathway level, KEGG analysis suggested these
genes are involved in specific biological contexts, such as
maturity-onset diabetes of the young and pathways gov-
erning stem cell pluripotency (Fig. 3F). To assess whether
GNG4 was directly regulated by m6A modification, we
performed site prediction using the SRAMP online tool,
which identified adenine 2131 as the most probable m6A
methylation site within the GNG4 transcript (Fig. 3H). At
the level of expression regulation, further correlation as-
sessments identified a significant positive relationship be-
tween GNG4 mRNA abundance, the expression levels of
the m6A methyltransferase VIRMA and the m6A-binding

https://www.discovmed.com/


1280

Fig. 1. GNG4 is highly expressed in LUAD and promotes LUAD progression. (A) Volcano plot displaying differentially expressed
genes in LUAD based on TCGA-LUDA analysis. (B) Box plot illustrating differential expression of GNG4 in LUAD tissues from the
TCGA-LUAD cohort. (C) OS, DSS, and PFI analyses based on GNG4 expression levels in TCGA-LUAD. (D) qRT-PCR analysis of
GNG4mRNA expression in normal bronchial epithelial BEAS-2B cells and LUAD cell lines (A549 andHCC827). (E) qRT-PCR analysis
of GNG4mRNA in A549 and HCC827 after GNG4 knockdown. (F) ELISAmeasurement of IL-6, IL-8, and PAI-1 secretion in A549 and
HCC827 cells followingGNG4 knockdown. (G) EdU staining assay evaluating proliferative activity inA549 andHCC827 cells following
GNG4 knockdown. (H) CCK-8 assay was used to detect changes in the viability of A549 and HCC827 cells after GNG4 knockdown.
mRNA levels are expressed as fold change relative to the vehicle control after normalization to GAPDH. GNG4, G protein subunit gamma
4; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas Program; OS, overall survival; DSS, disease-specific survival; PFI,
progression-free interval; ELISA, enzyme-linked immunosorbent assay; IL, Interleukin; PAI, Plasminogen Activator Inhibitor; EdU,
5-Ethynyl-2’-deoxyuridine; CCK-8, cell counting kit-8; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, negative control. *p
< 0.05 vs. si-NC group; p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. GNG4 suppresses LUAD cells senescence and promotes its proliferation by downregulating the cGAS-STING Pathway.
(A) qRT-PCR analysis of GNG4 mRNA expression in A549 and HCC827 cells following GNG4 knockdown and subsequent rescue with
RU.521 or BX795. (B) Western blot analysis of cGAS, p-STING/STING, p-TBK1/TBK1, p-IRF3/IRF3, and p21 protein expression
in A549 and HCC827 cells following GNG4 knockdown and subsequent rescue with RU.521 or BX795. (C) Flow cytometry analysis
of cell cycle distribution in A549 and HCC827 cells following GNG4 knockdown and subsequent rescue with RU.521 or BX795. (D)
SA-β-Gal staining assessing cellular senescence in A549 and HCC827 cells following GNG4 knockdown and subsequent rescue with
RU.521 or BX795. (E) Colony formation assay evaluating proliferative capacity in A549 and HCC827 cells following GNG4 knockdown
and subsequent rescue with RU.521 or BX795. mRNA and protein levels are expressed as fold change relative to the vehicle control after
normalization to GAPDH. TBK1, TANK-binding kinase 1; IRF3, Interferon regulatory factor 3. p < 0.05 was considered statistically
significant. ns, non-significant, *p < 0.05, **p < 0.01, ****p < 0.0001.

protein IGF2BP3 (Fig. 3I). These findings suggested that
the elevated expression of GNG4 in LUAD may be post-
transcriptionally regulated by m6Amethylation and closely
associated with the functions of VIRMA and IGF2BP3.

VIRMA Promotes m6A Methylation of GNG4 to
Enhance Its mRNA Expression

To elucidate the regulatory roles of VIRMA in m6A
methylation and mRNA expression of GNG4, we knocked
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Fig. 3. Increasedm6Amethylation promotes mRNA expression of GNG4 in LUAD. (A) PCA of m6Amethylation profiles in LUAD.
(B) Volcano plot of differentially methylated genes in LUAD. (C) Venn diagram showing 59 genes consistently upregulated at both the
methylation and transcriptional levels in tumor samples. (D) Scatter plot displaying the distribution of co-upregulated genes based on
logFC values frommethylation and transcriptome datasets. (E) GO enrichment analysis of the 59 overlapping genes. (F) KEGG pathway
enrichment analysis of the 59 overlapping genes. (G) Box plot illustrating expression levels of the 59 overlapping genes. (H) Predicted
m6A methylation sites in GNG4 mRNA by SRAMP analysis. (I) Correlation heatmap and scatter plots depicting associations between
GNG4 expression and m6A writers/readers. m6A, N6-methyladenosine; PCA, principal component analysis; GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; SRAMP, sequence-based RNA adenosine methylation site predictor. *p < 0.05,
**p < 0.01, ***p < 0.001.
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Fig. 4. VIRMA promotes m6A methylation of GNG4 to enhance its mRNA expression. (A) qRT-PCR analysis of VIRMA mRNA
expression in A549 and HCC827 cells following VIRMA knockdown. (B) qRT-PCR analysis of GNG4 mRNA expression in A549
and HCC827 cells following VIRMA knockdown. (C) m6A dot blot assay-detected changes in m6A methylation levels in A549 and
HCC827 cells following VIRMA knockdown. (D) qRT-PCR analysis of GNG4mRNA half-life in A549 and HCC827 cells after VIRMA
knockdown and actinomycin D treatment. (E) MeRIP-qPCR validation of GNG4 m6A methylation levels in A549 and HCC827 cells
following VIRMA knockdown. (F) Dual-luciferase reporter assay comparing luciferase activity between wild-type and mutant reporter
constructs in A549 and HCC827 cells following VIRMA knockdown. mRNA levels are expressed as fold change relative to the vehicle
control after normalization to GAPDH. VIRMA, Vir like m6A methyltransferase associated. *p < 0.05 vs. si-NC group; *p < 0.05 vs.
si-NC (pGL3-GNG4 WT) group in (F); p < 0.05 was considered statistically significant. **p < 0.01, ***p < 0.001, ****p < 0.0001.

down VIRMA in LUAD cell lines A549 and HCC827.
Knockdown of VIRMA (Fig. 4A, p< 0.0001) significantly
reduced both the mRNA expression and stability of GNG4
(Fig. 4B,D; p< 0.05). m6A dot blot assays further demon-
strated that depletion of VIRMA markedly decreased the
m6A methylation level of A549 and HCC817 (Fig. 4C),
MeRIP-qPCR further demonstrated that knocking down
VIRMA significantly reduced the m6A level of GNG4 in

both A549 and HCC827 cells (Fig. 4E, p < 0.001). To
investigate the m6A regulation of GNG4 at site 2131 (A)
by VIRMA, we constructed two reporter plasmids: a wild-
type (GNG4WT) plasmid and amutant (GNG4MUT) plas-
mid. These were generated by inserting sequences contain-
ing either the wild-type GNG4 site 2131 with its flanking
regions (typically several hundred base pairs) or a mutant
version (A-to-T substitution) with its flanking regions into
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the 3’UTR of the Renilla luciferase gene. Following trans-
fection with either si-NC (negative control) or si-VIRMA,
the relative m6A-dependent regulatory effect mediated by
VIRMA was assessed by comparing the luciferase activity
between the GNG4WT andGNG4MUT reporter plasmids.
We observed that the fluorescence intensity of the GNG4
MUT reporter plasmid was significantly weaker than that
of the GNG4 WT plasmid. Furthermore, knocking down
VIRMAmarkedly reduced the fluorescence intensity of the
GNG4 WT plasmid (Fig. 4F, p < 0.01), indicating that
VIRMA exerted its regulatory function through m6A mod-
ification of the adenosine at site 2131 in GNG4.

IGF2BP3 Facilitates the Expression of GNG4 mRNA
by Recognizing and Stabilizing Its m6A
Modifications

Similarly, knockdown of IGF2BP3 (Fig. 5A, p <

0.0001) led to consistent and significant reductions in
GNG4 mRNA expression, stability (Fig. 5B,C; p < 0.05),
and m6A methylation levels (Fig. 5D, p< 0.05), indicating
that IGF2BP3, as an m6A reader, participated in the post-
transcriptional regulation of GNG4. Furthermore, RNA
pulldown assays showed that GNG4 mRNA specifically
binds to IGF2BP3 protein (Fig. 5E), providing molecular
evidence for the direct recognition and regulation of GNG4
by IGF2BP3.

VIRMA Promotes LUAD Progression by Stabilizing
GNG4 mRNA to Inhibit the cGAS-STING Pathway

To determine whether the regulatory effect of GNG4
on the cGAS-STING pathway depended on its m6A
methylation, we performed rescue experiments in LUAD
cells: following knockdown of the m6A methyltrans-
ferase VIRMA, we reintroduced a GNG4 overexpression
plasmid (Fig. 6A–C, p < 0.001). Results showed that
VIRMA knockdown significantly reduced the m6A methy-
lation level of GNG4, which could not be restored by
GNG4 overexpression (Fig. 6D, p < 0.0001), confirm-
ing that m6A modification of GNG4 was indeed de-
pendent on VIRMA. Functionally, VIRMA knockdown
markedly activated the cGAS-STING pathway, as indicated
by the increased expression of cGAS, p-STING/STING, p-
TBK1/TBK1, p-IRF3/IRF3, and p21 proteins. This acti-
vation was effectively suppressed upon GNG4 overexpres-
sion (Fig. 6E). Phenotypically, flow cytometry (Fig. 6G,
p < 0.0001), EdU staining (Fig. 6I, p < 0.05), and
CCK-8 assays (Fig. 6J, p < 0.001) consistently indicated
that VIRMA knockdown suppressed LUAD cell prolif-
eration, while GNG4 overexpression restored prolifera-
tive capacity. Meanwhile, senescence-associated analy-
ses revealed that VIRMA knockdown enhanced SA-β-Gal
staining (Fig. 6F, p < 0.0001) and increased secretion of
SASP factors (Fig. 6H, p< 0.001), whereas GNG4 overex-
pression significantly attenuated cellular senescence (p <

0.001). Together, these findings demonstrated that GNG4

negatively regulated the cGAS-STING pathway in anm6A-
dependent manner, thereby inhibiting cellular senescence
and promoting proliferation in LUAD.

VIRMA Mediated m6A Modification of GNG4
Promotes LUAD Progression by Inhibiting the
cGAS-STING Pathway

In order to further confirm the regulatory function of
GNG4 on the cGAS-STING pathway in LUAD progression
and the regulatory mechanism of VIRMA-mediated m6A
modification on GNG4 in vivo, we employed a mouse sub-
cutaneous xenograft tumor model for validation. The re-
sults demonstrated that knocking down GNG4 significantly
up-regulated the expression of core proteins in the cGAS-
STING pathway in tumor tissues (Fig. 7A), indicating in
vivo activation of this pathway. Meanwhile, after eval-
uating the knockdown efficiency of GNG4 and VIRMA
(Fig. 7B, p < 0.001), it was found that knockdown of
VIRMA led to a significant reduction in both the mRNA
expression level (Fig. 7C, p < 0.001) and the m6A mod-
ification level of GNG4 (Fig. 7D, p < 0.001). Concur-
rently, measurements of tumor volume and weight demon-
strated that tumor growth was markedly suppressed in the
GNG4- and VIRMA-knockdown group, with significantly
smaller tumors observed (Fig. 7E, p< 0.0001). Assessment
of tumor sections by immunohistochemistry revealed that
knockdown of GNG4 or VIRMA in vivo reduced the abun-
dance of key proliferative markers (Ki-67, PCNA, PHH3).
Conversely, a significant increase in SA-β-Gal, a marker
associated with cellular senescence, was observed under
the same conditions (Fig. 7F, p < 0.001). Furthermore,
changes in the levels of tumor markers (TK1, CEA, AFP)
and SASP factors in mouse serum were consistent with
these findings (Fig. 7G,H; p < 0.0001), further supporting
the conclusion that GNG4 and VIRMA knockdown inhib-
ited tumor proliferation and promoted senescence. These
in vivo results demonstrated that VIRMA–mediated m6A
modification of GNG4 played a critical regulatory role in
LUAD progression by suppressing the cGAS-STING sig-
naling pathway.

Discussion

This research offers a detailed investigation into the
regulatory mechanisms of m6A methylation in LUAD. Im-
portantly, it reveals for the first time that the G protein sub-
unit GNG4, acting as a critical target of m6A modification,
promotes LUAD cell proliferation by inhibiting the cGAS-
STING signaling pathway.

As a central hub in the tumor microenvironment, the
cGAS-STING pathway triggers cellular senescence in tu-
mor cells and further modulates the trajectory of tumor
development. For example, the traditional Chinese med-
ication Bazi BuShen can enhance immune clearance of
senescent liver cancer cells via cGAS–STING activation in
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Fig. 5. IGF2BP3 facilitates the expression of GNG4 mRNA by recognizing and stabilizing its m6A modifications. (A) qRT-
PCR analysis of IGF2BP3 mRNA expression in A549 and HCC827 cells following IGF2BP3 knockdown. (B) qRT-PCR measurement
of GNG4 mRNA expression in A549 and HCC827 cells following IGF2BP3 knockdown. (C) qRT-PCR analysis of GNG4 mRNA
half-life in A549 and HCC827 cells after IGF2BP3 knockdown and actinomycin D treatment. (D) MeRIP-qPCR validation of GNG4
m6A methylation levels in A549 and HCC827 cells following IGF2BP3 knockdown. (E) RNA pulldown assay examining the binding
interaction between IGF2BP3 and GNG4 mRNA in A549 and HCC827 cells. mRNA levels are expressed as fold change relative to the
vehicle control after normalization to GAPDH. *p < 0.05 vs. si-NC group; p < 0.05 was considered statistically significant. ***p <

0.001, ****p < 0.0001.

macrophages [26]. Oroxylin A regulates this pathway to ac-
tivate ferritinophagy and induce hepatic stellate cell senes-
cence, thereby counteracting liver fibrosis [27]. Similarly,
the cGAS-STING pathway has been confirmed as a key
participant in lung adenocarcinoma: TET2 inhibits LUAD
cell proliferation and metastasis by activating this pathway
[28], while ESYT3 overexpression enhances cGAS-STING
activity and improves radiotherapeutic response in LUAD
[29]. Moreover, multiple studies have confirmed that ac-
tivation of cGAS-STING pathway-related genes is signif-

icantly associated with better prognosis in LUAD patients
[30], highlighting its clinical importance. Based on prior
research, this work further clarified the crucial function of
the m6A modification—GNG4—cGAS/STING regulatory
axis in the development of LUAD, providing new experi-
mental evidence for the underlying mechanism and poten-
tial targeted therapies.

VIRMA and IGF2BP3, the key “writer” and “reader”
of m6A methylation, are highly expressed in various can-
cers including LUAD and significantly promote tumor pro-
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Fig. 6. VIRMA promotes LUAD progression by stabilizing GNG4 mRNA to inhibit the cGAS-STING pathway. (A) qRT-PCR
analysis of VIRMA mRNA expression in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (B)
qRT-PCR analysis of GNG4 mRNA expression in A549 and HCC827 cells after GNG4 overexpression. (C) qRT-PCR measurement
of GNG4 mRNA expression in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (D) MeRIP-
qPCR detection of m6A methylation levels on GNG4 mRNA in A549 and HCC827 cells after VIRMA knockdown followed by GNG4
overexpression. (E)Western blot analysis of cGAS, p-STING/STING, p-TBK1/TBK1, p-IRF3/IRF3, and p21 protein expression in A549
and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (F) Flow cytometry analysis of cell cycle distribution
in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (G) SA-β-Gal staining assessing cellular
senescence in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (H) ELISA measurement of IL-6,
IL-8, and PAI-1 secretion in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (I) EdU staining
detecting proliferative activity in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. (J) CCK-8
assay measuring cell viability in A549 and HCC827 cells after VIRMA knockdown followed by GNG4 overexpression. mRNA and
protein levels are expressed as fold change relative to the vehicle control after normalization to GAPDH. *p < 0.05 vs. si-NC group; #p
< 0.05 vs. si-VIRMA group; p< 0.05 was considered statistically significant. ns, non-significant, *p< 0.05, **p< 0.01, ***p< 0.001,
****p < 0.0001, ###p < 0.001.

https://www.discovmed.com/


1287

Fig. 7. VIRMA-mediated m6Amodification of GNG4 promotes LUAD progression by inhibiting the cGAS-STING Pathway. (A)
Western blot analysis of cGAS, p-STING/STING, p-TBK1/TBK1, p-IRF3/IRF3, and p21 protein expression in tumor tissues after GNG4
knockdown. (B) qRT-PCR measurement of GNG4 or VIRMA mRNA expression in tumor tissues after GNG4 or VIRMA knockdown.
(C) qRT-PCRmeasurement of GNG4 mRNA expression in tumor tissues after VIRMA knockdown. (D) MeRIP-qPCR detection of m6A
methylation levels in GNG4 mRNA in tumor tissues after VIRMA knockdown. (E) Measurement of tumor volume and weight changes
following GNG4 and VIRMA knockdown. (F) Immunohistochemical detection of Ki-67, PCNA, PHH3, and SA-β-Gal expression in
tumor tissues after GNG4 and VIRMA knockdown. (G) ELISA analysis of serum levels of TK1, CEA, and AFP after GNG4 and VIRMA
knockdown. (H) ELISA measurement of serum levels of PAI-1, and IL-6 following GNG4 and VIRMA knockdown. mRNA and protein
levels are expressed as fold change relative to the vehicle control after normalization to GAPDH. *p < 0.05 vs. si-NC group; p < 0.05
was considered statistically significant. ns, non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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gression. Studies have shown that VIRMA, an RNA
methyltransferase driven by gene amplification, regulates
BTG2 expression in an m6A-YTHDF2-dependent manner
to facilitate LUAD tumorigenesis [31]. VIRMA also en-
hances the cytoplasmic stability of HAS2 through an m6A-
dependent mechanism, accelerating breast cancer progres-
sion [32]. On the other hand, through m6A modification,
IGF2BP3 modulates TFAP2A activity, leading to the tran-
scriptional upregulation of SLC7A11/GPX4 and a conse-
quent inhibition of ferroptosis in LUAD [33]. These find-
ings underscore the crucial role of VIRMA- and IGF2BP3-
mediated m6A modification in cancer development. Ex-
tending previous work, our study innovatively demon-
strated the important role of VIRMA and IGF2BP3 in
LUAD progression through m6A-dependent regulation of
GNG4, offering novel mechanistic insights and future re-
search directions for m6A applications in LUAD.

Our findings established GNG4 as a crucial func-
tional target of m6A modification. We verified through
bioinformatics analysis and subsequent experiments that
GNG4 exhibits significant upregulation in LUAD. Its el-
evated expression is strongly and positively correlated with
the levels of the m6A methyltransferase VIRMA and the
m6A-binding protein IGF2BP3. This result not only ex-
panded the target gene spectrum of the m6A regulatory net-
work but, more importantly, mechanistically explains the
aberrant overexpression of GNG4 in LUAD: the stability
and translation efficiency of its mRNA were likely syner-
gistically enhanced by VIRMA-mediated methylation and
IGF2BP3-mediated recognition. Using site-directed muta-
genesis and dual-luciferase reporter assays, we further con-
firmed the functional importance of its specific m6A mod-
ification site, providing direct molecular evidence for epi-
transcriptomic regulation.

The core discovery of our study lied in elucidating the
downstream mechanisms and biological effects of GNG4.
GSEA enrichment analysis and subsequent functional ex-
periments collectively demonstrated that loss of GNG4 sig-
nificantly activated the cGAS-STING signaling pathway,
triggering irreversible cell cycle arrest and a senescent phe-
notype, ultimately inhibiting tumor proliferation. This find-
ing had multiple implications: first, it connected G pro-
tein signaling and innate immune signaling—two pathways
critical in cancer—revealing a new strategy by which tu-
mor cells suppressed innate immune surveillance through
epitranscriptomic regulation; second, it identified cellular
senescence as a key terminal effect following GNG4 inhi-
bition, providing a theoretical basis and potential target for
“pro-senescence therapy” in LUAD. Notably, both in vitro
and in vivo experiments confirmed that targeting GNG4
or its upstream regulators VIRMA/IGF2BP3 effectively
activated the cGAS–STING pathway and inhibited tumor
growth, highlighting the therapeutic potential of this axis.
Particularly encouraging are the significant changes in tu-
mor markers and SASP factors observed in animal models,

suggesting that therapeutic strategies targeting this pathway
may have promising in vivo applicability.

Conclusion

The study reveals that upregulated m6A modifica-
tion of GNG4 in lung adenocarcinoma (LUAD) enhances
its mRNA stability, leading to elevated GNG4 expres-
sion. Functionally, increased GNG4 suppresses the cGAS–
STING signaling pathway, thereby attenuating the cellular
innate immune response to cytosolic DNA and stress sig-
nals. The inhibition of the cGAS–STING pathway con-
sequently blocks the initiation of cellular senescence, al-
lowing tumor cells to escape senescence-associated growth
arrest. This ultimately promotes LUAD cell proliferation
and accelerates tumor progression. Collectively, our find-
ings identify a novel oncogenic axis in LUAD involving
m6A-mediated upregulation of GNG4 and subsequent re-
pression of the cGAS–STING pathway. Targeting the m6A
modification of GNG4 or restoring cGAS–STING activity
may represent a promising therapeutic strategy to suppress
LUAD progression.
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